In this study, we tested the potential application of a previously developed method in detecting Escherichia coli in environmental water samples. To increase the sensitivity of the method, and the recovery of microbial cells, water samples were filtered before being subjected to DNase treatment and polymerase chain reaction amplification. Results showed that DNase I treatment and PCR reaction were not affected by inhibitors as the expected amplicon was successfully amplified in autoclaved environmental waters spiked with E. coli. Then, we applied this method to naturally contaminated environmental water samples. We firstly confirmed the presence of coliforms and E. coli in these water samples by plating in eosin methylene blue agar. Simultaneous PCR amplification targeting Lac Z and uidR gene of total coliforms and E. coli respectively demonstrated that this developed method is potentially applicable for routine microbial assessment of health risks related to viable microorganisms in environmental or drinking waters.
Introduction
Water quality deserves special attention because of its implications for public health and the environment. Although there are various parameters used in measuring water quality, microbiological water quality is of importance to human health. Poor microbiological quality of water or presence of microbial pathogens in water poses considerable health risk to the general public.
Waterborne diseases are mainly caused by enteric pathogens excreted in faeces by human beings or animals into water. The spread of microbial waterborne diseases may occur through drinking water, contact with contaminated water as well as through the consumption of contaminated food [1] . Thus, the classic microbiological indicators such as faecal coliforms, Escherichia coli and Enterococci are commonly used to evaluate the level of faecal contamination in water. Their suitability has been questioned, however, owing to limitation in their sensitivity, short survival period and low correlation with the presence of other water pathogens. Thus, it was suggested that direct analysis of specific pathogens of concern is more suitable [2] .
Nevertheless, the isolation and identification of many different types of microbial pathogens that can be found in water are difficult, time consuming and immensely costly if attempted on a regular basis [3] . This is aggravated by the conventional culture methods that have been criticized for their considerable delay, lacking specificity and sensitivity. Moreover, viable but difficult-to-culture microorganisms are not detected by culture-based methods.
A variety of molecular techniques, specifically polymerase chain reaction (PCR)-based procedures, have provided sensitive, rapid and quantifiable tools in detecting a wide range of pathogens in water [4] . Such molecular techniques also permit the detection of pathogens that may be present below the detection limit of other assays [2] . But some of them cannot assess the viability of bacterial cells. Ideally viable pathogens should be detected as only viable cells are likely to pose a threat.
An ideal method for detection of pathogens in water should meet a number of criteria such as specificity, sensitivity, rapidity, simplicity, viability assessment, cost effectiveness, ubiquity, with minimal health and environmental impacts. Previously, a method which allows the detection of only viable E. coli in water was successfully developed by removing dead cells' DNA and 'free' DNA with DNase I prior to PCR [5] . In this study, the developed method is further applied to detect the presence of viable bacteria in environmental waters.
Materials and methods

Bacterial culture conditions
Non-pathogenic E. coli cells were grown aerobically in 2 mL of Luria-Bertani (LB) broth at 37°C for 16 h to reach a cell density of approximately 3.4 × 10 9 colony forming units (cfu) mL −1 . To obtain this cell density, serial dilution of cell cultures was carried out and colonies formed on LB agar were enumerated after incubation at 37°C for 16 h.
Bacterial seeding and heat treatment
To generate non-viable cells by heat-killed, E. coli cells were heat treated at 100°C for 10 min [6] . Heat-killed cells and 'free' DNA, viable sample and heat killed samples were prepared by inoculation of 1 mL of fresh culture and heat-killed culture containing 3.18 × 10 9 cfu/ml cells into sterilized water (1:100). 'Free' DNA sample was prepared by inoculation of 100 μL of DNA extracted from 4.8 × 10 9 cells into 20 mL sterilized water. For environmental samples, bacterial cells from water samples (Inanam River, Petagas River and Sembulan River from around Kota Kinabalu, Sabah, Malaysia) were obtained by filtering 100 mL of river water.
DNase I treatment
Heat-killed and viable E. coli (3.5 μL) were subjected to DNase I treatment. Ten units of RQ1 DNase I (Promega, USA) and 1 x DNase I buffer were added to the cell suspensions. All the DNase-treated cells were subsequently incubated at 37°C for 3 h. A sample without DNase I treatment was included as negative control for heat-killed and viable samples.
Bacterial cell culture
River water samples were serially diluted 10-fold in sterilized water and 100 μl of each diluted sample was plated on eosin methylene blue (EMB) agar (Oxoid, England) using glass spreader. The presence of coliform or faecal coliform (E. coli) was examined after incubation for 16 h at 37°C. Coliforms form blue-black colonies with dark centre, mucoid, pink colonies and green metallic sheen colonies while E. coli produces green metallic sheen colonies on EMB agar [7] .
Bacterial cell recovery by membrane filtration
Samples were concentrated by filtration through sterile 47 mm cellulose nitrate membrane filters with a pore size of 0.45 μm (Whatman, England) using a vacuum pump. The filter membranes containing the trapped cells or DNA were rolled and aseptically transferred to 50 ml Falcon tube containing 2 mL of sterilized water using a sterile forceps. The filter was vortexed for 5 to 10 s to release the cells or DNA from the filter surface to the liquid phase.
For viable and heat-killed cells, after removing the filter, 1 mL of cell suspension was removed and centrifuged at 10,000 rpm for 5 min. The pellet was re-suspended in 100 μL sterilized water. For 'free' DNA sample, 1 mL of DNA suspension and 1 mL of filtrate were concentrated by adding 0.5 mL of isopropanol and then centrifugation at 13,000×g for 3 min to precipitate DNA. The DNA pellet was re-suspended in 15 μL sterilized water.
PCR
To prepare DNA templates for PCR, 15 μL of suspension for viable cells, heat-killed cells and DNA was lysed by heating at 100°C for 10 min.
The PCR mixture in the total volume of 20 μL consisted of 1 μL of template DNA, 3.75 mM of MgCl 2 (Promega, USA), 1 x PCR buffer (Promega, USA), 0.5 mM of each dNTPs (Promega, USA), 1.25 μM of primers and 2.5 U of Taq DNA polymerase (Promega, USA). The mixture was subjected to 35 cycles of amplification with 3 min pre-denaturation at 94°C, 1 min denaturation at 94°C, 1 min annealing at 59°C (URL-301/ URR-432) or 68°C (LZL-389/LZR-653), 1 min extension at 72°C and final extension at 72°C for 5 min. For primer pair 16E1/E2, the PCR condition was pre-denaturation at 94°C (20 s), 35 cycles of amplification with denaturation at 94°C (20 s), annealing at 60°C (20 s) and extension at 72°C (30 s), and final extension at 72°C for 2 min.
The forward primer, 16E1 5′-GGGAGTAAAGTTAATACCTTTGCTC-3′ and the reverse primer, 16E2 5′-TTCCCGAAGGCACATTCT-3′ (reverse) amplified the V 3 region of 16S rRNA gene in E. coli [8] . The forward primer, LZL-389 (5′-ATGAAAGCTGGCTACAG-GAAGGCC-3′) and the reverse primer, LZR-653 (5′-GGTTTATGCAGCAACGA-GACGTCA-3′) were located within the coding sequence of lacZ gene of coliform [9, 10] . The forward primer, URL-301 (5′-TGTTACGTCCTGTAGAAAGCCC-3′) and the reverse primer, URR-432 (5′-AAAACTGCCTGGCACAGCAATT-3′) were located in the regulatory region of uidR gene in E. coli [10, 11] . The expected size of the PCR products for 16E1/E2, LZL-389/LZR-653 and URL-301/URR-432 was 584, 264 and 154 bp respectively.
Detection of PCR products
PCR products were analysed using 2% agarose gel (Mallinckrodt, USA). Agarose gel electrophoresis was performed in 1x TAE buffer (40 mM Tris-acetate, pH 8.0 and 1 mM Na 2 -EDTA) for 1 h at 80 V. Following gel staining in ethidium bromide, the gel was examined with UV transilluminator (Alpha Innotech, USA) and photographed.
2.8. Detection of viable E. coli in water samples seeded with E. coli and 'free' DNA without DNase treatment
To test the feasibility of the previously established method [5] , viable cells and heat-killed cells were artificially inoculated into sterilized water. After that, the cells were concentrated through membrane filtration to maximize microbial DNA recovery. This was followed by DNA extraction and PCR analysis.
On the other hand, 'free' DNA extracted from E. coli cells was artificially added into water samples and filtered. PCR was carried out using filtrand (residue remained on membrane filter) and filtrate (liquid produced after filtration). Neither of these studies used the treatment of DNase I.
Detection of viable E. coli with DNase treatment and effects of PCR inhibitors in water samples
Because environmental water samples can potentially contain contaminants affecting PCR amplification, three types of water source (tap water, pond water and river water) were autoclaved, artificially inoculated with E. coli and filtered before PCR analysis to check for any potential effects of the presence of inhibitors. DNase I treatment was also carried out to determine the effectiveness of the method in detecting viable E. coli.
Detection of E. coli in environmental river water samples
To verify whether these river waters were polluted, we first checked for the presence of total coliform and faecal coliform E. coli through conventional microbiological method. We used EMB agar because it is a selective and differential medium commonly used to isolate and differentiate coliform from Enterobacteria [7] . If there is coliform, blue-black colonies with dark centre, mucoid and pink colonies will be observed on the agar plate. On the other hand, greenish metallic sheen colonies specifically indicate the presence of E. coli.
Concurrently, using the above protocol, the natural environmental water samples (from Inanam River, Petagas River and Sembulan River) were filtered and the filtrands were resuspended in sterilized water. DNase I treatment was carried out before analysis by PCR.
Results and discussion
Detection of viable E. coli in water samples seeded with E. coli and 'free' DNA without DNase treatment
In this study, a previously established method [5] for detection of only viable bacteria was further examined to see its applicability in environmental waters. Typical in any environmental water samples, depending on the source of water, biomass presence is low and the actual microbial number is unknown. Therefore, the cells were concentrated through membrane filtration to maximize microbial DNA recovery. After PCR analysis, the expected PCR products were observed for both viable and heat-killed samples (Figure 1 ). Decreased band intensity was observed in heat-killed samples (Figure 1, lane  3) compared to viable cells (Figure 1, lane 2) . In bacterial cells, membrane integrity will be compromised after heating up to 70°C [12] . Nucleic acids in viable cells are protected as their cell walls and membranes are intact, whereas in dead cells with damaged cell membrane, nucleic acids will be released after heating. This 'free' DNA is anticipated to pass through membrane filter during filtration. To confirm this, we artificially added 'free' DNA extracted from E. coli cells into water. The expected band was observed in both filtrand and filtrate ( Figure 2 ). As higher band intensity was seen in the filtrate (Figure 2 , lane 2) compared to the filtrand (Figure 2 , lane 1), this demonstrated that 'free' DNA did not completely pass through the membrane filter and some was restrained on the membrane filter. The size of DNA is only 2 nm in diameter; therefore it can easily pass through a membrane filter with a pore size of 0.45 μm. Detection of PCR product in the filtrand could be owing to minute 'free' DNA which binds to the nitrocellulose membrane.
Clearly, results from Figures 1 and 2 showed that the detection of viable cells will give false positive results because of the presence of DNA in the samples. But this 'free' DNA will eventually be removed after DNase I treatment as shown in Figure 3. 
Effective detection of viable E. coli with DNase treatment and effects of PCR inhibitors in water samples
In Figure 3 , expected band (584 bp) was observed in viable sample without and with DNase (Lane 2 and 3) and also heat-killed sample without DNase (Figure 3, lane 4) . No band was seen in the heat-killed sample with DNase (Lane 5) and negative control (Figure 3, lane 6 ) for all the water samples: tap water (Figure 3(A) ), pond water (Figure 3(B) ) and river water (Figure 3(C) ). These findings were consistent with previous results using sterilized water [5] . This showed that 'free' DNA in heat-killed samples was successfully degraded by DNase I without affecting the intact viable cells. This also suggests that traces of potential contaminants that might be trapped on the membrane filter would not inhibit PCR reaction. Autoclaving might kill all the indigenous bacteria and filtration would have removed cell debris as well as some PCR inhibitors. If there is any inhibitor in the water samples, the efficiency of DNase I in removing free DNA was not affected under our experimental conditions. Following this, we further tested the applicability of this method in naturally contaminated river water samples collected from three different locations. 
Detection of viable E. coli in environmental river water samples
To verify whether these river waters were polluted, we first checked for the presence of total coliform and faecal coliform E. coli through conventional microbiological method. Our results showed the presence of these two groups of bacteria in all the three water samples as shown in Figure 4 . In this experiment, we substituted the 16E1/E2 primer pair with URL-301/URR-432 primer pair to detect E. coli owing to its inefficiency in PCR amplification for contaminated environmental waters. The LZL-389/LZR-653 primer pair was used to target total coliform. The expected bands with the size of 264 and 154 bp were successfully amplified by using primer pairs LZL-389/LZR-653 and URL-301/URR-432 respectively ( Figure 5 ). We also noticed amplification of unspecific bands in URL-301/URR-432 PCR products. This is not uncommon as there might be other organisms present that contributed to this phenomenon. According to Bej et al. [11] , URL-301/URR-432 primer pair can also amplify (A) (B) (C) On the other hand, the PCR products obtained from water sample without DNase I treatment were contributed by not only viable cells but also dead cells or free DNA (Figure 5, lane 3 and 5 ).
In conclusion, our results suggest a method that may be potentially effective in detecting microorganisms in environmental water samples. This has relevance for routine microbial assessment of health risks and the detection of viable microorganisms in environmental or drinking waters. Further study may still be required to refine the technique to allow it to become standard practice.
Note
Patent status is pending for this method.
